Four well-resolved LESs of the turbulent boundary layers around a NACA4412 wing section, with Re c ranging from 100, 000 to 1, 000, 000, were performed at 5
Introduction
Turbulent boundary layers (TBLs) subjected to adverse pressure gradients (APGs) are relevant for a wide range of industrial applications from diffusers to turbines and wings, and pose a number of open questions regarding their structure and underlying dynamics. The challenges of performing well-resolved simulations of APG TBLs, especially regarding the boundary conditions, were addressed by Spalart and Watmuff (1993) . Moreover, as summarized by Monty et al. (2011) , a number of parameters can be used to quantify the magnitude of APGs, a fact that raises serious difficulties when comparing databases from various experimental and numerical sources. In particular, Bobke et al. (2017) used the Clauser pressuregradient parameter β = δ * /τ w dP e /dx (where δ * is the displacement thickness, τ w the wall-shear stress and dP e /dx the streamwise pressure gradient) to investigate the effect of flow history, i.e. the impact of the β(x) curve on the local features of APG TBLs. They also highlighted the importance of defining cases subjected to a constant value of β, as also done numerically by Kitsios et al. (2016) , experimentally by Skåre and Krogstad (1994) , and also in the context of the theory by Mellor and Gibson (1966) . Another related work is the study by , in which the skin-friction curves of various APG TBLs subjected to different β(x) trends were predicted in terms of zero-pressure-gradient (ZPG) data and the averaged pressure-gradient magnitude β. The aim of the present work is to assess the effect of the Reynolds number Re on four APG TBLs subjected to approximately the same β(x) distribution. In particular, we consider the turbulent flow around a NACA4412 wing section at four Reynolds numbers based on inflow velocity U ∞ and chord length c, ranging from Re c = 100, 000 to 1, 000, 000. Additional information regarding this database can be found in Vinuesa et al. (2018) . As discussed by Pinkerton (1938) , the NACA4412 wing section is characterized by exhibiting a pressure-gradient distribution essentially independent of Re at moderate angles of attack, a fact that makes this particular airfoil a suitable candidate to study Reynolds-number effects on TBLs given a particular pressure-gradient history.
Computational setup
Well-resolved large-eddy simulations (LESs) of the turbulent flow around a NACA4412 wing section at various Reynolds numbers were carried out using the spectral-element code Nek5000 (Fischer et al., 2008) . Additional details regarding the implementation of the spectral-element method (Patera, 1984) in Nek5000 are provided by Deville et al. (2002) . A total of four Reynolds numbers, namely Re c = 100, 000, 200, 000, 400, 000 and 1, 000, 000 (all of them at 5
• angle of attack) is considered in the present study. The highestRe case is simulated on a computational domain defined by a C-mesh, with streamwise, vertical and spanwise lengths of L x /c = 6, L y /c = 2 and L z /c = 0.2. A precursor RANS simulation of the same geometry was carried out with the k − ω SST model, and this solution was used as a boundary condition in all boundaries except the outflow (in which a stabilized stressfree condition was employed). Although we observed that for L y /c ≥ 2 the solution becomes independent of L y , we are currently working on non-conformal meshing strategies that will allow us to consider larger do-mains without the Dirichlet boundary condition from the RANS simulation (Offermans, 2017) . Periodicity was imposed in the spanwise direction. The resolution in the Re c = 1, 000, 000 case follows these guidelines around the wing section: ∆x + < 27, ∆y + w < 0.96 (spacing of the first grid point in the wall-normal direction) and ∆z + < 13.5 (where the superscript '+' denotes viscous scaling in terms of the friction velocity u τ and the viscous length * = ν/u τ ). An additional condition based on the Kolmogorov scale η = ν 3 /ε 1/4 , where ε is the local isotropic dissipation, was defined for the wake: ∆x/η < 13.5. A total of 4.5 million spectral elements was used to discretize the domain with a polynomial order N = 7, which amounts to a total of 2.28 billion grid points.
In Figure 1 (top) we show a two-dimensional slice of the spectral-element mesh used to discretize this case. The numerical setup is similar to the one employed in the direct numerical simulation (DNS) by at Re c = 400, 000, and the relaxationterm (RT) filter approach by Schlatter et al. (2004) was used to perform the LES. Note that the RT filter implemented in Nek5000 was thoroughly validated by Negi et al. (2018) using the DNS at Re c = 400, 000 as a benchmark. An excellent agreement in mean flow, Reynolds-stress tensor and turbulent kinetic energy (TKE) budgets around the wing was reported. An instantaneous visualization of the flow around the wing section in the Re c = 1, 000, 000 case is shown in Figure 1 (bottom) , where the level of detail achieved in the simulation can be observed.
Results
In Figure 2 , the streamwise evolution of the Clauser pressure-gradient parameter β is shown on the suctions side (denoted by ss) for the four wing cases under consideration. It can be observed that for Re c ≥ 200, 000 the β(x) curves are approximately the same with only small relative differences (of around 10%) beyond x ss /c 0.9. This observation is in agreement with Pinkerton (1938) . The different behavior observed at Re c = 100, 000 is associated to the very low Reynolds number combined with the strong APG conditions. Thus, these simulations allow us to study the impact of Re on three APG TBLs with approximately the same pressure-gradient history. As discussed by Bobke et al. (2017) , the state of a TBL is not uniquely determined by the APG magnitude, but rather by the accumulated pressure-gradient effect, i.e., by the β(x) curve. Streamwise APGs lead to an increased wall-normal convection, a fact that increases the boundary-layer thickness and produces a more prominent outer region. This leads to more energetic large-scale motions, and to reduced wall-shear stress. One of the goals of this study is to assess the effect of APG and of Re on the outer region of the TBLs, and to try to identify their complementing energizing effects on the large-scale motions. The inner-scaled mean velocity profile at x ss /c = 0.6 is compared among the four wing cases, and with ZPG TBL results from DNS (Schlatter andÖrlü, 2010) at approximately matching Re τ (which is the friction Reynolds number, defined in terms of the friction velocity u τ and the 99% boundary-layer thickness δ 99 ), in Figure 3 (top). The value of δ 99 is calculated following the method by Vinuesa et al. (2016) . This figure shows the effect of the moderate local APG, given by β 1.3 (for Re c ≥ 200, 000), which produces larger values of the inner-scaled edge velocity U + e (i.e., lower skin friction) and reduced inner-scaled mean velocities in the buffer region with respect to the corresponding ZPG cases. The integral parameters of the various wing cases and the corresponding ZPG TBLs are reported in Table 1 . The values of Re τ are 209, 329 and and 600 for the wings at Re c = 200, 000, 400, 000 and 1, 000, 000, respectively. The friction Reynolds numbers in the corresponding ZPG cases are very close, although for instance the value of Re τ closest to that in the Re c = 200, 000 case was somewhat higher: 252. The APG increases the boundary-layer thickness through wall-normal convection, a fact that is manifested in the larger values of Re θ (Reynolds number based on momentum thickness) with respect to the ZPG profiles at matched Re τ . This is also reflected in the larger values of the shape factor H = δ * /θ (which is the ratio of the displacement and the momentum thicknesses), which are due to the boundary-layer thickening associated to the APG. This thickening is connected to a lower velocity gradient at the wall, i.e. a reduced wall-shear stress, which is consistent with the lower skin-friction coefficients C f = 2 (u τ /U e ) 2 observed in the wing profiles at x ss /c = 0.6. It is possible to further quantify the effect of the APG by comparing the difference between some of these integral parameters in the wing and in the ZPG at approximately the same Re τ . In this study, we consider the parameter Φ U + e , which is defined as the ratio between the U + e from the TBL on the wing at a certain Re c and x ss , divided by the same quantity in a ZPG TBL with the same Re τ . Since one of the effects of the APG is to increase U + e , the value of Φ U + e should in principle be larger than 1 in APGs. In Figure 3 (middle) we show the evolution of Φ U + e at x ss /c = 0.6 as a function of Re c , in the three wing cases for which we have matched-Re τ ZPGs, namely from Re c = 200, 000 to 1, 000, 000. Not only this quantity is larger than 1 over the whole Re range, but it shows a decreasing trend with increasing Reynolds number, from a maximum value of around 1.15 at Re c = 200, 000 to a value of 1.13 at Re c = 1, 000, 000. Note that the value at Re c = 400, 000 is only slightly below the one at Re c = 200, 000, which is connected to the fact that the Re τ from ZPG is slightly larger than that in the wing in this case. In any case, the decreasing trend with Re c is also observed at x ss /c = 0.4 and 0.7, as also shown in Figure 3 (middle). This is noteworthy since it suggests that the effect of the APG, given approximately the same β(x) curve, is more intense at lower Reynolds numbers. In Figure 3 (bottom) we show another indicator, namely the ratio between the shape factor in the wing and in a ZPG at matched Re τ , which we denote by Φ H . This quantity is also larger in APGs than in ZPGs, due to the fact that the streamwise deceleration of the TBL increases the boundary-layer thickness, as discussed above. Furthermore, this quantity also decreases with Re at x ss /c = 0.6, with values ranging from 1.14 to 1.09. This behavior is also consistent with the trend observed for x ss /c = 0.4 and 0.7. It can be therefore concluded that APG effects on the mean flow appear to be stronger in lower-Re TBLs, an observation also made in the recent experimental study by Sanmiguel .
Further insight regarding the APG effects (given the same streamwise flow history) on TBLs at various Re can be gained by analyzing some componets of the Reynolds-stress tensor. In particular, we focus on the inner-scaled tangential velocity fluctuations u 2 t + and the Reynolds-shear stress u t v n + . These quantities are shown in Figure 4 (top) for the four wing cases at x ss /c = 0.6, together with the corresponding ZPG cases at matched Re τ as summarized in Table 1 . In this figure all the quantities are expressed in terms of the local directions tangential (t) and normal (n) to the wing surface. As discussed for instance by Harun et al. (2013) , the APG leads to more energetic large-scale motions, which produce larger energy concentration in the TBL outer region. This is associated with the emergence of an outer peak in the stremawise velocity fluctuation profile, for large enough values of β. Harun et al. (2013) also showed that the larger energy concentration in the outer region for APGs is not a consequence of the inner scaling, since the outer-scaled streamwise velocity fluctuation profiles also show an increasing outer peak for higher β (and although the near-wall peak increases in inner scaling with β, it actually decreases when scaled in outer units). This observation suggests that the large-scale motions induced by the APG may be different from those arising in high-Re ZPG TBLs. On the one hand, they appear to be more energetic, and on the other hand they are larger in y and more inclined with respect to the wall, as reported by Maciel et al. (2017) in their numerical work on APG TBLs. Note that they identified threedimensional coherent structures in the instantaneous fields corresponding to intense Reynolds-shear events and reported the probability density function of their sizes. Figure 4 (top) clearly reflects the larger energy accumulation in the outer region of the APG TBLs, both in the tangential velocity fluctuations and in the Reynolds-shear stresses. Interestingly, the difference between the values in the outer region of both profiles and the corresponding ZPG data at matched Re τ also appears to become smaller as Re is increased. As done before for the mean flow, we define the variable Φ u 2 t + , which is the ratio between the tangential velocity fluctuations in the wing at a wall-normal distance of y n /δ 99 0. Table 1 : Boundary-layer parameters at xss/c = 0.6 for the four cases (denoted by W1-W10 for increasing Rec). ZPG2, ZP4 and ZPG10 denote the DNS ZPG TBL case (Schlatter andÖrlü, 2010) approximately matching the Reτ of the W2, W4 and W10 wing cases, respectively.
because it approximately defines the end of the overlap region in the current Reynolds-number range. Figure 4 (middle) shows the evolution with Re c of Φ u 2 t + , which is also decreasing, and ranges from around 1.67 at Re c = 200, 000 to 1.36 at Re c = 1, 000, 000. The evolution observed at x ss /c = 0.6 is consistent with the curves for x ss /c = 0.4 and 0.7, in agreement with the mean-flow ratios discussed in Figure 3 . Moreover, an analogous ratio, Φ utvn + , is defined for the Reynolds-shear stress and is shown for the same profiles in Figure 4 (bottom). This quantity also shows a decreasing trend with Re. These are all consistent with the statement that APG effects are stronger at lower Re, whereas at higher Reynolds number the relative effect with respect to a ZPG TBL is smaller.
The results above show that the mechanisms producing a more energetic outer region in APG TBLs are complementary to those present in high-Re ZPG TBLs. Moreover, the large-scale motions resulting from increases either in β and in Re are different, as also indicated by Maciel et al. (2017) . It is interesting to note that the discrepancy between APG and ZPG TBLs, for profiles with the same range of scales (i.e., at the same Re τ ), decreases with increasing Reynolds number. This shows that low-Re TBLs are more sensitive to the effect of APGs, namely the increase in wall-normal convection and the reduction of mean velocity gradient at the wall. An additional indication of this effect can be observed in Figure 5 , which shows the ratio Φ P k as a function of Re c at the three previous streamwise locations, namely x ss /c = 0.4, 0.6 and 0.7. This ratio is defined similarly to the ones discussed above, and in this case we show the TKE production P k at y n /δ 99 0.2. This ratio exhibits a trend consistent with the ones observed in Figures 3  and 4 , and shows that the outer-region production is larger at low Reynolds numbers, and decreases with Re. This observation is connected to the higher sensitivity to APG effects observed at low Reynolds numbers, which in turn is consistent with the differences in the large-scale motions present in APGs. In particular, the ratio Φ P k decreases from around 2.47 at Re c = 200, 000 to 1.69 at Re c = 1, 000, 000, for x ss /c = 0.6.
One explanation for the higher sensitivity to APGs at low Re can be obtained from the wall-normal convection: larger wall-normal velocities produce a more prominent development of the outer region, therefore promoting the development of very energetic largescale motions. Figure 6 shows the streamwise evolution, on the suction side, of the inner-scaled wallnormal velocity at the boundary-layer edge, for the four simulations. The boundary-layer edge is a sensitive quantity, and the problematic associated to its determination in PG TBLs is discussed by Vinuesa et al. (2016) and Coleman et al. (2018) ; this sensitivity is reflected in the shape of the curves. This figure shows that the wall-normal velocity is higher, throughout the whole suction side, at lower Reynolds numbers. In particular, the V + e values are, on average, around 40% larger at Re c = 200, 000 than in the highest-Re wing case. Regarding the simulation at Re c = 400, 000, the inner-scaled wall-normal velocity is around 20% larger than at Re c = 1, 000, 000. This again supports the statement that APG effects are stronger at low Re, which in turn produce a more energetic outer region compared with that at higher Re.
Conclusions
The present contribution summarizes the results of four well-resolved LESs of the flow around a NACA4412 wing section, with Re c ranging from 100, 000 to 1, 000, 000, all of them at 5
• angle of attack. We compare the turbulence statistics on the suction side, with focus on the profiles at x ss /c = 0.6, with ZPG TBL results at approximately matching Re τ . We quantified the difference between a particular wing case and the corresponding ZPG with matched Re τ through ratios of U 0.2 (to analyze some components of the Reynolds stresses in the outer region). All these ratios are larger than 1, which is consistent with the effect of a streamwise adverse pressure gradient. Interestingly, these ratios show a decreasing trend with Re, indicating that the APG effects are more intense at lower Reynolds numbers, in particular when it comes to energizing the outer region. The APG increases the wallnormal convection, which results in a thicker boundary layer and a larger outer region. This allows the development of more energetic large-scale motions, and constitutes a mechanism different, although complementary to, that present at high-Re TBLs. This conclusion is supported by the evolution of the innerscaled wall-normal velocity, which also decrease with Reynolds numbers, and further indicates that the outer- 
